Volatile components of essential oils from the leaves and stems of Croton jacobinensis, C. rhamnifolius, C. muscicapa and C. micans, which are medicinal plants found in the Caatinga biome of northeastern Brazil, were analyzed using GC and GC/MS. The acaricidal activity of these oils against Tetranychus urticae was evaluated using the fumigation method. Oil yields from the Croton species ranged from 1.1±0.0 to 0.6±0.0%, w/w, for leaves and 0.7±0.0 to 0.1±0.0% for stems. Sesquiterpenoids were dominant in all oils, except the stem oil from C. rhamnifolius, which exhibited a high monoterpene content, and the leaf and stem oils from C. muscicapa, which were rich in phenylpropanoids. The major volatile components of the leaf and stem oils from C. jacobinensis were (Z)-α-atlantone (24.3±0.4%) and transisolongifolanone (22.8±0.5%), respectively. The most abundant constituents detected in C. rhamnifolius were α-cedrene epoxide (23.3±0.1%) and caryophyllene oxide (21.9±0.0%) in the leaf oil, and camphor (16.6±0.5%) and tricyclene (12.8±0.1%) in the stem oil. Foenicolin was the main compound identified in the leaf (50.6±0.2%) and stem (72.7±0.6%) oils of C. muscicapa, while α-bulnesene (32.9±0.2%) and guaiol (17.9±0.7%) were the principal components of C. micans oils. These oils exhibited a high degree of toxicity in the fumigation assay. The stem oils from C. jacobinensis and C. rhamnifolius exhibited high lethality rates, with LC 50 values of 0.3 and 0.2 μL/L of air after 24 h, respectively. The results suggest the potential use of stem essential oil, especially from C. rhamnifolius and C. jacobinensis, for the integrated control of Tetranychus urticae.
Tetranychus urticae, commonly known as the two-spotted spider mite, is considered one of the main agricultural pests in the world [1] . This mite occurs in both tropical and temperate regions and is found in both greenhouses and fields. In Brazil, this pest has been recorded in a large number of states from the northern to the southern regions of the country. In the state of Pernambuco, T. urticae was first recorded in 1985, following the first irrigated crops in the city of Petrolina. This mite has since caused considerable harm, attacking different crops of ornamental and agricultural interest [1] .
Infestations of adult and immature forms of this pest are controlled with repeated applications of conventional acaricides, which are frequently associated with residues that are harmful to humans and the environment. The use of synthetic pesticides in Brazil remains frequent. In 2004, more than US$ 2.3 billion was spent on pesticides, 26.9% of which was for insecticides alone. In 2009, Brazilian agriculture ranked as the heaviest consumer of pesticides in the world, with the United States in second place [2] . This is a disconcerting matter and has attracted the attention of governing bodies. Thus, a large number of initiatives have been taken in an effort to replace synthetic insecticides with alternative, natural, environmentally friendly products. For the establishment of new control practices that offer lesser toxicity to mammals and shorter persistence in the environment, natural products from medicinal plants have been widely tested as an alternative to synthetic insecticides. [3] Indeed, such products achieved good results regarding toxicity to a number of arthropods long before the advent of synthetic insecticides [4] .
The search for insecticidal properties in medicinal plants has increased significantly in recent years and has become a promising field of research. Recent studies involving essential oils from plants with medicinal properties have reported acaricidal properties against T. urticae [5a,5b,6] .
The genus Croton (Euphorbiaceae) includes some of the best known medicinal plants in northeastern Brazil. These plants are found in swamps in the Caatinga biome of the state of Pernambuco [7] . Species from this genus are shrubs up to two meters in height, with latex and colorless to yellow oils, the latter being rich in terpenoids, which 894 Natural Product Communications Vol. 6 (6) 2011
Neves & Camara have a number of biological activities [8] [9] [10] . Croton species are often employed in folk remedies for relief from hemorrhoids [11] , vomiting, and bloody diarrhea [12, 13] . According to the communities around the collection sites, C. jacobinensis, C. rhamnifolius, C. muscicapa and C. micans are considered useful for the treatment of stomach problems and fever. Volatile components with considerable structural diversity are responsible for the aroma. These components are generally found in all parts of the plant and include many bioactive molecules against arthropods [13] .
Volatile constituents of C. jacobinensis, C. rhamnifolius and C. micans have been the subject of previous studies. For northeastern Brazil, Craveiro et al. [14] described the volatile constituents of the leaf oils from C. jacobinensis, C. rhamnifolius and C. micans collected from the municipalities of Cocal in the state of Piauí, Pedra-Branca in the state of Ceará, and Jacobina in the state of Bahia, respectively. Compagnone et al. [15] described the chemical composition of leaves and flowers of C. micans collected in Santa Elena de Uairen in the state of Bolivar, Venezuela.
To the best of our knowledge, no phytochemical studies have previously been carried out on either C. muscicapa or stem oils from C. jacobinenensis, C. rhamnifolius and C. micans. As a part of a systematic study of the chemical composition and insecticidal potential of aromatic plants in the Caatinga biome in the state of Pernambuco (Brazil), the present paper describes the chemical composition of essential oils from the leaves and stems of these four species and evaluates, for the first time, their fumigant action against Tetranychus urticae. The results are compared with the lethal activity of eugenol (natural positive control) and phosphine (synthetic fumigant insecticide).
Hydrodistillation of the leaf and stem portions of the different Croton species yielded yellowish, pleasantsmelling oils. Oil yields ranged from 1.1±0.0 to 0.6±0.0%, w/w, for leaves and 0.7±0.0 to 0.1±0.0% for stems. With the exception of C. rhamnifolius, leaf and stem oil yields from the same species did not differ significantly. Table 1 displays data on oil yields and the volatile components identified in these oils in order of elution from a DB-5 column.
A total of 105 substances were identified, accounting for 94.0±0.6/93.0±0.3%; 94.4±0.2/94.9±0.1%; 93.8±0.3/93.1± 0.4% and 99.8±0.2/99.5±0.4% of the chemical composition of the leaf and stem oils from C. jacobinenesis, C. rhamnifolius, C. muscicapa and C. micans, respectively. All oils had a very diverse composition of monoterpenes, sesquiterpenes and benzenoids, except the leaf and stem oils from C. micans, in which no benzenoid compounds were detected. Neves & Camara Thirty-two and 37 constituents were identified in the leaf and stem oils of C. jacobinensis, respectively. Twenty compounds were found in both oils. These oils were characterized by high percentages of sesquiterpenes (77.3±0.3% in leaves and 74.2±0.2% in stems). The major constituents of the leaf oil were (Z)-α-atlantone (24.3±0.4%), (E)-dihydroapofarnesal (10.5±0.4%), βoplopenone (10.2±0.2%) and (2Z,6E)-farnesol (5.6±0.5%). Trans-isolongifolanone (22.8±0.5%) and (2Z,6E)-farnesol (12.1±0.3%) were absent from the leaf oil, but were major components of the stem oil. (Z)-α-atlantone and (E)-dihydro-apofarnesal were identified in the stem oil, but in proportions of less than 3%. Two compounds from the benzenoid class, p-cymene and 1-phenyl pentan-3-one, were found in low amounts in the leaf and stem oils, respectively.
Twenty-six and 33 compounds, constituting ca. 94.4±0.2% and 94.9±0.1% of the total, were identified in the leaf and stem oils of C. rhamnifolius, respectively. Nineteen sesquiterpenes (81.7±0.0%), seven monoterpenes (2.6±0.1%), and three benzenoids (3.2±0.1%) were identified in the leaf oil. Among the sesquiterpenes, spathulenol (23.5±0.1%), caryophyllene oxide (21.9±0.0%), β-caryophyllene (7.1±0.1%), caratol (5.9±0.3%) and viridiflorol (5.0±0.2%) were the major constituents. Caryophyllene oxide has previously been characterized in the leaf oil of C. sellowii, which is a widely-spread shrub species found in the coastal region of the state of Pernambuco [16] . Thirty-three compounds were identified in the stem oil of C. rhamnifolius, accounting for ca. 94.9±0.1% of the total. Unlike the leaf oil, this oil was dominated by monoterpenes (66.4±0.4%), among which camphor (16.6±0.5%) and tricyclene (12.8±0.1%) were the major constituents, while isobornyl acetate (5.8±0.6%) was a minor component. Among the main constituents identified in the leaf oil, only the minor sesquiterpenes β-caryophyllene and caratol were found in the stem oil, at percentages below 2%. On the other hand, the main constituent of the stem oil, tricyclene, was present in the leaf oil at a proportion of only 0.1%. Among the benzenoid compounds, only o-cymene was found in similar amounts in both the leaf and stem oils.
Sixteen and 24 compounds, constituting ca. 93.8±0.3% and 93.1±0.4% of the total, were identified in the leaf and stem oils of C. muscicapa, respectively. The only sesquiterpene in the leaf oil, rosifoliol, was not detected in the stem oil. These oils had similar composition and were dominated by a single benzenoid compound, foeniculin, belonging to the phenylpropanoid group (50.6±0.2% in leaves and 72.7±0.6% in stems), followed by sesquiterpenes (43.1±0.1% in leaves and 18.8±0.6% in stems) and lower amounts of monoterpenes (0.1±0.1% in leaves and 1.6±0.2% in stems). The major sesquiterpenes in the leaf oil were bicyclogermacrene (14.6±0.6%), β-caryophyllene (7.0±0.2%) and germacrene D (4.9±0.1%), whereas the major constituents of the stem oil were α-cedrene epoxide (5.9±0.1%) and globulol (2.7±0.1%). Viridiflorol (2.6±0.0%), β-caryophyllene (2.0±0.2%), bicyclogermacrene (1.7±0.0%) and germacrene D (0.6±0.2%) represented minor sesquiterpenes.
Phenylpropanoids are reported to be components of oils from Croton species collected in the state of Pernambuco [17] , as well as other regions of Brazil [14] and other countries, such as Venezuela [15] and Mexico [18] . A greater content of foeniculin in the leaf and stem oils (50.6±0.2% and 72.7±0.6%, respectively) differentiates C. musicapa from other members of the genus Croton, as there are no published data on species of this genus reporting this phenylpropanoid as one of the major components.
Twenty-one and 34 compounds were identified in the leaf and stem oils of C. micans, representing 99.8±0.2% and 99.5±0.4% of total oil, respectively. The stem oil exhibited greater chemical diversity than the leaf oil and the oils differed both qualitatively and quantitatively. However, both oils were dominated by sesquiterpenes (94.8±0.4% in leaves and 88.7±0.2% in stems). The major constituent of the leaf oil was α-bulnesene (32.9±0.2%), followed by germacrene B (21.4±0.0%) and β-caryophyllene (12.3±0.4%), whereas guaiol (17.9±0.5%), β-elemene (13.8±0.9%) and longipinanol (11.9±0.7%) were the main components of the stem oil. Some components were common to both the leaf and stem oils, such as β-pinene, myrcene, santolina alcohol and camphor in the monotepene fraction. Guaiol, β-elemene and valerianol were among the main sesquiterpenes found in the stem oil. The following sesquiterpenes were found at low percentages in both oils: β-caryophyllene, α-humulene, elemol, spathulenol, 10-epi-γ-eudesmol and bulnesol.
In the present investigation, different chemical profiles were found in the leaf oil of C. jacobinensis and C. rhamnifolius in comparison with data reported by Craveiro et al. [14] . The authors report a much greater amount of sesquiterpenes in C. rhamnifolius collected from Pedra-Branca in the state of Ceará in comparison with the amount found in the present sample collected in the state of Pernambuco.
The chemical profile of C. micans in the present study was very similar to that reported for samples collected from Jacobina in the state of Bahia [14] . Both oils are dominated by sesquiterpenes. However, the results of the present study differ from those recently reported for the chemical composition of the leaf oil of C. micans collected in Venezuela, in which fenchyl acetate (25.3%), α-humulene (20.7%), α-selinene (12.8%) and β-bourbene (9.3%) were found to be the major constituents [15] .
According to Bracho and Crowley [19] , the co-occurrence of α-and β-pinene may be a characteristic of the genus Croton. The present results demonstrate the co-occurrence Acaricidal activity of essential oil of four Croton species Natural Product Communications Vol. 6 (6) 2011 897 of these monoterpenes at low percentages in the leaf oil of C. rhaminifolium (0.7±0.0% and 0.1±0.1%, respectively) and in the leaf and stem oils of C. jacobinensis (1.4±0.2% and 10.4±0.0% in leaf oil and 0.2±0.1% and 2.5±0.3% in stem oil, respectively). Both monoterpenes were absent from the C. muscicapa oils and only β-pinene was found in leaf and stem oils of C. micans (0.8±0.2% and 0.2±0.0%, respectively). However, based on data from other species of this genus, β-caryophyllene seems to be an equally frequent major constituent [20] . In the present study, βcaryophyllene was the only compound identified in all Croton oils, at percentages ranging from 0.3±0.2 to 12±0.4% (Table 1 ). These results demonstrate that the variability in the composition of the essential oils discussed herein depends essentially upon the origin of the samples, the influence of geographical position and climate.
Differential susceptibility of adult T. urticae to the essential oils from the leaves and stems of the same species was observed. Plant essential oils are recognized as an important natural source of insecticides. Differences in the toxicity of essential oils against different arthropods are well known [21] and are due to qualitative variations in the components.
All the oils tested from Croton species were toxic to T. uticae. Table 2 displays the lethal activity of Croton essential oils from different parts of the plants in comparison to eugenol.
The stem oils of C. jacobinensis and C. rhamnifolius were the most potent acaricidal agents. Both oils induced 100% mortality of T. urticae after 24 h at 2 μL/L of air. The leaf oil of C. muscicapa achieved 100% mortality at 8 μL/L of air and the stem oil of C. micans 99% at 10 µL/L of air. The lowest acaricidal activity was found with the leaf oil of C. jacobinenesis (99% mortality at 28 µL/L of air), followed by the stem oil of C. muscicapa and leaf oil of C. micans (100% at 20 μL/L of air) and leaf oil of C. rhamnifolius (100% at 18 μL/L of air).
The concentration-mortality responses of T. uticae to Croton oils, with eugenol used as the positive control, were compared in terms of differences in LC 50 (the concentration needed to kill 50% of mite populations). As the mortality rate of the control was less than 10%, the results did not need be corrected prior to probit analysis. Table 2 displays the LC 50 values for T. urticae achieved with the essential oils from different parts of the Croton species analyzed.
At 66.7% of the recommended dose, the conventional acaricide phosphine promoted 100% mortality of the adult mites. Comparing the toxicity values of the Croton oils, the stem oils of C. jacobinenesis and C. rhamnifolius were the most toxic, but the natural positive control, eugenol, was about 75-fold and 50-fold fold more active toward the mites, respectively ( Table 2 ). A comparison of the chemistry of the stem oils of C. jacobinensis and C. rhamnifolius reveals quite distinct compositions. Sesquiterpene hydrocarbons were the major components of the stem oil of C. jacobinensis, whereas monoterpenes were dominant in C. rhamnifolius. The results suggest that these oils are made up of a large variety of compounds, which, either alone or together, can promote substantial changes in the biology of T. urticae through synergistic action.
All Croton oils were effective against female adults of T. urticae without direct contact, demonstrating that differences associated with the delivery mode of the oils were largely caused by action in the vapor phase and toxicity may be due to penetration via the respiratory system. Acute toxicity and/or the ability to alter fecundity are useful in mite control.
The results reveal that Croton oils, especially stem oils from C. rhamnifolius and C. jacobinensis, can be used as an alternative control for the integrated management of T. urticae. However, field evaluations and further investigation of the effects on non-target organisms and host plants are necessary in order to ensure the safe use of these naturally-occurring acaricides.
Experimental

Collection of plant material: Fresh leaves and stems from
Croton jacobinensis Baill., C. rhamnifolius (Baill.) Müll. Arg., C. micans (Sw.) Müll. Arg. and C. muscicapa Müll. Arg. were collected from the Caatinga biome in the municipalities of Brejo 
